Abstract: Cartographic communication through crisis maps takes place in a unique environment characterised by the immediate risks of considerable loss and stress. Many such maps are designed by practitioners with limited resources, pressured for time, and who often fail to pay the necessary attention to map graphics. This can reduce map clarity and make orientation to and understanding of essential crisis information difficult. To identify the most frequent shortcomings that may compromise the interpretation of depicted objects, phenomena presented, and actions required, we assessed the map graphics of 106 maps specifically designed for communication and action in crises. The results showed that they were often visually overloaded. Crisis data were not conveyed by appropriate cartographic representations, and due to the inappropriate use of visual variables, the associative and selective properties of cartographic symbols were overlooked, and their ordered and quantitative features ignored. The use of colour was often not adapted to conventional visual language, and colour symbolism was not always taken into account. The cartographic symbols used were often incomprehensible, illegible, ambiguous, and unclassified, and they lacked symbolism and hierarchical organisation. The article aims to address these problems by proposing guidelines which do not require much time or expertise, but which would ensure that cartographically correct crisis maps are well designed. Objects, phenomena or actions specific to crisis management would be indicated using appropriate map graphics and their importance highlighted, so as to make interpretation easier for all participants in a crisis event, and so facilitate crisis communication and response.
Introduction
There is a strong awareness in the crisis management community of the important role of maps in communicating spatial, thematic, and temporal information about a crisis. With the availability of technology for the easy and quick design of data-intensive maps, the number of maps designed to support decision-making in crisis management has grown considerably in recent decades [1, 2] .
The role of cartography is to deliver reliable, understandable, attractive, user-friendly, visual information through maps. When a crisis occurs, crisis maps are communication tools for all those involved. The messages exchanged via crisis maps play an important role in crisis management (for example, finding where shelters are located, how to reach a place where the injured can receive assistance, how to act, how the evacuation is proceeding, etc.). They can be used by the internal (emergency) services and/or external participants in a crisis event (civilians and casualties), directing responses and mitigating consequences. Emergency service personnel and their managers must know how to use crisis maps, which must be specially adapted for use in a unique environment characterised by the immediate risks of considerable loss and stress, and where time is of the essence. Cartographers must propose methods (new or existing) for communicating spatial information on crisis maps effectively so that it can be interpreted easily and correctly.
Material and Methods
In this paper, a crisis map means a thematic map on which objects, phenomena or actions specific to crisis management are highlighted using appropriate cartographic symbols, and represented according to their importance. They are usually produced and used during or immediately following a crisis by the internal (emergency) services and/or external participants (civilians or casualties).
We collected 106 maps depicting different crises in various parts of the world. They were published online, in press articles, studies, and research papers. Five maps were analogue (paper) and the rest digital. Most of the digital maps (50) were static, with a view-only option, and many were actually analogue maps that had simply been digitalised and published online. The other maps had interactive interfaces or content, with the options of zooming and/or choosing specific layers. One dynamic, interactive map was also found.
The selection was not limited to crisis maps designed and used during or immediately after a crisis, but also included some designed in the phase when crisis response action plans were being developed (evacuation maps, maps showing the locations of shelters, supplies, equipment, etc.). Along with real event maps, we also considered maps intended for exercises and training by crisis management services, based on potential or imaginary scenarios.
The main selection criterion was that the maps had to communicate certain predetermined messages as important sources of information for all participants in crisis management (for example, the location of shelters, how to reach places where the injured could receive assistance, how to act, evacuation routes, etc.).
The analysis included a quantitative assessment of the basic map elements (type of crisis, map scale, basic geometric, and graphic elements), and a qualitative assessment of the graphic and visual variables used to depict objects and phenomena specific to the crisis, how they were symbolised and classified, and the types of background maps used to represent them.
The maps were numbered 1 to 106 (see Supplementary Materials, Figure S1 : Excerpts of the crisis maps analysed). The results of the quantitative assessment are given for each map (see Supplementary Materials, Table S1 : Results of the assessment of map graphics on existing crisis maps). The maps were divided by crisis type as follows:
• Natural crises-disasters or accidents caused by natural phenomena which endanger life, property and/or the environment (for example, earthquakes, volcanic eruptions, tornadoes, hurricanes, floods, landslides, tsunamis, and storms, etc.) • Crises caused by technology or human interference-technological incidents which by their scope, intensity and unpredictability endanger human health and life, property and/or the environment (for example, uncontrolled releases of hazardous substances, fires and explosions in industrial facilities, etc.) • Humanitarian crises-incidents or series of incidents threatening the health, safety, and well-being of a community or large group of people, caused by nature or human intervention (for example, armed conflicts, epidemics, famine, etc.).
Some crises are not necessarily connected with a geographical area (for example, economic, financial or individual crises) so that representing them on maps makes little sense. The research conducted in this paper primarily refers to crises which always have a strong spatial association.
The numerical overview of the maps analysed by crisis type is given in Figure 1 . Since most depicted natural disasters, they were further divided into subgroups. It is interesting to note that these maps, arranged by crisis type, correspond to data at the global level showing that floods and devastating storms are the most frequent natural disasters that strike developed countries [21] . So it is no wonder that the greatest number of maps were designed for these types of crisis. The maps were divided according to scale into five basic groups: very large-scale maps (scales larger than 1:5000), large-scale maps (from 1:5000 to 1:25,000), medium-scale maps (from 1:25,000 to 1:300,000), small-scale maps (from 1:300,000 to 1:15,000,000), and very small-scale maps (scales smaller than 1:15,000,000) ( Figure 2 ). We based this classification on the fact that the maps represented either distinct places, such as towns, larger regions, countries or the whole world. The maps were divided according to scale into five basic groups: very large-scale maps (scales larger than 1:5000), large-scale maps (from 1:5000 to 1:25,000), medium-scale maps (from 1:25,000 to 1:300,000), small-scale maps (from 1:300,000 to 1:15,000,000), and very small-scale maps (scales smaller than 1:15,000,000) ( Figure 2 ). We based this classification on the fact that the maps represented either distinct places, such as towns, larger regions, countries or the whole world. Figure 1 . Maps grouped by crisis type. The percentage of maps analysed for each group is given above the column.
The maps were divided according to scale into five basic groups: very large-scale maps (scales larger than 1:5000), large-scale maps (from 1:5000 to 1:25,000), medium-scale maps (from 1:25,000 to 1:300,000), small-scale maps (from 1:300,000 to 1:15,000,000), and very small-scale maps (scales smaller than 1:15,000,000) ( Figure 2 ). We based this classification on the fact that the maps represented either distinct places, such as towns, larger regions, countries or the whole world. It was impossible to determine the exact numerical scale on some maps, so an approximate value was given. This mainly related to map excerpts published in technical and scientific publications or excerpts of cartographic representations obtained from geoinformation systems. Interactive maps with a zoom option were included among very large-scale maps if the zoom level enabled streets to be shown.
Since crises can take on different spatial dimensions, the map scale naturally depends primarily on the type of the crisis depicted. For example, natural disasters like earthquakes, tsunamis and storms usually affect a large area, which is why they are represented on small-scale crisis maps. Other natural processes, such as landslides and avalanches, often affect a smaller area, so they are depicted on larger-scale maps.
However, in Figure 3 it can be seen that there is no such connection between map scale and crisis type. This is because the map scale also largely depends on the intended role of the map. In crisis management, dividing maps into different scale groups can also be viewed according to their roles [19] . It was impossible to determine the exact numerical scale on some maps, so an approximate value was given. This mainly related to map excerpts published in technical and scientific publications or excerpts of cartographic representations obtained from geoinformation systems. Interactive maps with a zoom option were included among very large-scale maps if the zoom level enabled streets to be shown.
However, in Figure 3 it can be seen that there is no such connection between map scale and crisis type. This is because the map scale also largely depends on the intended role of the map. In crisis management, dividing maps into different scale groups can also be viewed according to their roles [19] . If the role of the map is to provide general information on a risk or danger, it usually shows the territory of a state, wider area, or even the whole world. This is why such maps are designed on a small scale. If the map shows information used to implement preventive measures in response to dangers that may be caused by a potential crisis, or when a damage assessment map is produced to show an affected area, these are usually done at the national or local level on a medium or large scale. If crisis map is used as a basis for carrying out crisis management actions in the preparedness phase, such as planning defence and protection measures, the scale may vary depending on the type If the role of the map is to provide general information on a risk or danger, it usually shows the territory of a state, wider area, or even the whole world. This is why such maps are designed on a ISPRS Int. J. Geo-Inf. 2018, 7, 436 5 of 19 small scale. If the map shows information used to implement preventive measures in response to dangers that may be caused by a potential crisis, or when a damage assessment map is produced to show an affected area, these are usually done at the national or local level on a medium or large scale. If crisis map is used as a basis for carrying out crisis management actions in the preparedness phase, such as planning defence and protection measures, the scale may vary depending on the type of crisis and the size of the potentially endangered area, but is usually a large scale.
During or immediately after a crisis, when the main role of the map is to ensure communication among those responsible for crisis response, maps should be as detailed as possible on a very large scale.
Criteria for Assessing Map Graphics on Existing Crisis Maps
Map graphics are a special way of representing spatial objects on a map. They are a sign system consisting of cartographic symbols and their interrelationships (syntactic dimension), the relationships between the symbols and the objects represented (semantic dimension), and the relationships between the users and the symbols (pragmatic dimension) [22, 23] . The integral components of map graphics are basic geometric and graphic elements (points, lines, and areas), cartographic symbols (symbols and diagrams), rasters, colours and letters. On crisis maps, objects, phenomena or actions specific to crisis management should be emphasised by using appropriate map graphics and given special importance.
We divided the set requirements into three map graphics elements which are found on all crisis maps-the background map, basic geometric and graphic elements (points, lines, and areas), that is, cartographic symbols, and the use of colour. The use of letters on crisis maps was not covered.
The criteria for assessing how each requirement was fulfilled ranged in complexity, depending on the relevant map graphics elements.
Background Map
The background map in our assessment refers to the basis for designing and using the main content of the crisis map, that is, the spatial background on which objects and actions important for crisis communication and response are represented. It is also used for general orientation and the localisation of crisis-affected areas.
Since many crisis maps today are created by the automatic layering of data from different sources over a background map, this assessment covered the visual harmonisation of the background map and the thematic data presented on the crisis. The following elements were assessed:
•
Optimal visual load, which requires removal of the map overload and makes it easy to read and understand the content of the map, • Layering, which requires that thematic information on a crisis is emphasised and prominent, while details on the background map are relegated to the background, • Adjustability of the background map, which requires the option of selecting different map layers, adjustable zooming, setting the contrast of the background map or the transparency of thematic information, and so on.
Basic Geometric and Graphic Elements (Point, Line, and Area)
Bertin's definition of graphic variations in the properties of the basic graphic elements of a map (point, line, area) [22] was taken as a basis for analysing the representation of objects and actions specific to crisis response. Visual or graphic variables in cartographic design are means of controlling the symbology or visual appearance of map elements. These visual techniques form the building blocks of a map and can be used to convey precise geographic information and create a visual hierarchy that can be understood by the viewer.
Each visual variable can be used when designing appropriate cartographic symbols to show the position and quality of a discrete object, or to present information on its properties. However, each visual variable has specific properties and is better for transcribing one aspect of information than others [24] . By using graphic variations or reshaping individual points, lines, and areas, a special symbol can be created to best express the desired property of an object on a crisis map.
On the maps, we assessed the use of visual variables. A variable was assessed on the map if it was used to depict thematic content about a crisis event. We also considered the varying of the visual variables to achieve certain qualitative (associativity and selectivity), ordered or quantitative properties in representing objects and actions for crisis response.
A visual variable may be: Bertin [22] originally identified seven visual variables that can be manipulated to encode information: location, size, shape, orientation, colour hue, colour value, and texture. This initial set was later extended to include two variables used in cartographic design (colour saturation and arrangement) and three which are easier to manipulate through digital production methods (crispness, resolution, and transparency) [25] . A more detailed discussion of the history of visual variables with descriptions of those available can be found in References [24] [25] [26] .
In this assessment, we only considered visual variables found on at least one of the analysed maps. They were size, shape, orientation, colour hue, colour value, texture, colour saturation, and transparency. Below are short descriptions of the individual variables (for more detailed descriptions see Reference [24] ).
•
Size is the amount of space occupied by the map symbol [24] . The number of ordered and quantitative degrees in point and line implementation can be high if size variation is applied, but the number of selective degrees is still very limited. Generally speaking, only four or five symbols of varying sizes in the same family can be applied and clearly distinguished in cartographic depictions [20] . For example, if circles with gradually increasing diameters are to be distinguished on cartographic depictions (where they are not ordered), there must be a difference of at least 0.4 mm in their diameters. For a selective cartographic depiction of linear objects, the difference in the thickness of the lines must be at least 0.3 mm [23] .
• Shape is the external form (outline) [24] . Shape is essential to the design of qualitative point symbols because they can vary from highly abstract, such as circles, squares, or triangles, to highly iconic, directly mimicking the referent represented by the map symbol. Varying shapes, thus, producing symbols with the same optic weight, is associative. This means that all symbols are equal or equal in value according to their significance. A family of selective symbols cannot be obtained by varying shapes, because it would produce symbols with new, different shapes.
•
Orientation is the direction or rotation of the map symbol from 'normal'. Normal orientation is typically relative to the map's neatline, but in some cases, it can be relative to the projected spatial coordinate system (for example, relative to the graticule) or another baseline. Orientation is also manipulated in flow maps to represent the direction of flow [24] . Orientation differences are easily discerned, and, thus effective in representing selective information. Orientation is less suitable for quantitative information, as it generally lacks an inherent order, and no single direction is emphasized over another.
Colour hue is the dominant wavelength of the map symbol on the visible portion of the electromagnetic spectrum (for example, blue, green, or red) and is one of three visual variables associated with colour perception [24] . Colour theory plays an important role in cartography [27, 28] and is particularly relevant in thematic maps that use colours to designate categories or classes. A qualitative or spectral colour scheme manipulates colour hue while controlling the other components of colour. So a colour scale is selective and associative, but not ordered, as equal weight is attached to all colours. It cannot, therefore, be used to depict different quantities. A colour scale of the same intensities may, however, be applied successfully to the selective highlighting of equal value surface objects.
Colour value is the relative amount of energy emitted or reflected by the map symbol and is the second visual variable associated with colour perception [24] . Variation in colour value results in the perception of shading or areas of relative light or dark (high or low emission or reflectance of energy). Colour value is sometimes referred to as 'lightness' in colour theory. Variation in colour value is important for map symbols depicting ordering.
Texture is the coarseness of the fill pattern within the map symbol [24] . If we use photography to reduce or increase a field in a graphic with a uniform pattern, but still observe the same unit surface, we can speak of varying the size of the pattern. Texture is mainly used to depict the quantitative properties of areal symbols-the denser the texture, the higher the value.
Colour saturation is the spectral peakedness of the map symbol across the visible spectrum and is the third visual variable associated with colour perception [24] . From a design standpoint, colour value can be conceptualized as the amount of black, and colour saturation the amount of grey in a map symbol. Colour saturation also is referred to as 'chroma', 'intensity', and 'purity' in colour theory. Quantitative relations between objects of the same type can be differentiated by varying the colour saturation. Smaller values are associated with less saturated colours, adding white, while higher values are associated with more saturated colours, adding black.
Transparency is the amount of graphic blending between a map symbol and the background or underlying map symbols [24] . Varying transparency can be used to display quantitative distinctions or differences in importance or intensity [18] .
Colour
Colour has a special place in cartography. On crisis maps, colour is contained in or associated with all the elements mentioned (background map, point, line, and area).
There are three features of colour perception: hue, value, and saturation, which are explained in Section 2.1.2. When colour is used appropriately, the organization of the perceptual dimensions of colour corresponds to the logical ordering in the data. Advice on suitable colour schemes that are attractive, support the message of the map and are appropriately matched to the nature of data can be found in Reference [29] .
In addition, some objects and phenomena are often associated emotionally with certain colours. Blue is associated with water or cold, and red with heat or prohibition. In general, colours are perceived as active, passive, stimulatory, neutral, etc. This psychological aspect is often called colour symbolism. It has led to internationally accepted rules about the application of colour or conventional visual language.
The following was assessed:
• Colour symbolism, which requires the use of conventional visual language to represent objects and actions specific to crisis response • Varying of colour value, hue and saturation, which are required to demonstrate the quantitative or selective properties of thematic information on the crisis, assessed through visual variables (see Section 2.1.2).
Assessment of Map Graphics on Existing Crisis Maps
The assessment of the collected maps draws on content analysis, a systematic approach already used in cartographic research to analyse and compare maps [30] [31] [32] . The content analysis method relies on identifying a set of codes which serve as operational rules that specify the definitions and intensities of different components in the maps being analysed. Ideally, using codes ensures that each map is systematically evaluated and analysed in the exact same way so that the results can be compared. It also allows for additional analysis by other researchers in the future.
Based on the defined elements of map graphics and general requirements for implementing them, an assessment of the map graphics on 106 crisis maps was carried out. A table was compiled (see Table S1 under Supplementary Materials). For the sake of repeatability, in Table S1 we have also provided codes and definitions. The codes used are considered standard cartographic variables and can be found throughout the literature [22] [23] [24] [25] [26] 33] . So the results of this study can be framed within established cartographic theory.
Each map was coded for the type of the crisis depicted: flood, earthquake, storm, fire, tsunami, other natural disaster, technological crisis, humanitarian crisis, intervention plan, evacuation plan, and exercise. The map scale was determined either via a scale bar, numerical scale, or ratio (or two or more of these methods) and coded as very large-scale, large-scale, medium-scale, small-scale or very small-scale. The type of background map was coded as satellite and aerial imagery, topographic map, relief map, city map, informative map. It was also noted whether possibilities for adjusting the background map and thematic content on the crisis were included.
The maps were also coded for a variety of graphic and visual elements. If, when viewing the map, it was easy to separate the layers into the main layer and the secondary one or the background, the map was coded for optimal layering. This meant that the main content, that is information on the crisis, was emphasized and the details on the background map were relegated to the background.
The map was coded for optimal visual load if there were fewer than ten identical or similar elements per square centimetre [23] . However, since this varied according to the area presented, on most maps the visual load was subjectively estimated. Estimation is an approximation of a quantity or geometric value instead of an exact measurement [23] . Phrases such as 'overcrowded', 'stuffed', dark', 'over-detailed' and similar should be understood as spontaneous negative assessments of visual load.
A geometric-graphical element (point, line, or area) was included only if used to depict thematic content about a crisis event. In addition to coding the geometric-graphical elements, we also noted varying of visual variables (size, shape, orientation, colour hue, colour value, texture, colour saturation, and transparency) to achieve certain qualitative (associativity and selectivity), ordered or quantitative properties in representing objects and actions for crisis response. In addition, if the use of conventional visual language was noted, the maps were coded for symbolism.
Wherever possible, elements that met the set requirements were marked with a plus sign (+), while elements that failed to meet the requirements were marked with a minus sign (−). If an element of map graphics given in the table was not used on a map, or was not assessed for some other reason, it was marked zero (0). For example, there is no point in varying the size of area symbols on crisis maps because this changes their position. In exceptions or special cases, 'partly' indicated that the criteria were only partly met. The signs (A), (S), (O), and (Q) were added to the plus sign (+) if associative (A), selective (S), ordered (O) or quantitative (Q) properties in designing suitable cartographic symbols were achieved by varying particular visual variable.
Results of the Assessment of Existing Crisis Maps-Shortcomings and Recommendations for Improvement
The assessment results are given in Table S1 under Supplementary Materials, while the elements for which shortcomings were most frequently observed are given in the subheadings below. These shortcomings may compromise the interpretation of objects and phenomena represented on a map and affect cartographic communication during a crisis. Cartographically correct recommendations were given to improve each element.
Background Map
We divided background maps into the following groups:
Satellite and aerial imagery-orthorectified photographs of part of the Earth's surface taken from an aircraft or a satellite. 2.
Topographic maps-general geographic maps with plenty of information on local conditions, including settlements, roads, bodies of water, landforms, vegetation, and territorial boundaries. All these objects are represented with equal importance. 3.
Relief maps-maps of landforms depicted by shading or using a hypsometric scale to create an impression of heights and height differences. 4.
City maps-large-scale maps of settlements designed for orientation, highlighting streets and street names, city transport routes, and major buildings, sometimes differentiated by purpose. 5.
Informative maps-maps containing specific information (for example, roads, bodies of water, administrative boundaries, etc.). These are often designed quickly, without paying much attention to aesthetics or completeness. Objects are depicted by simple graphic elements. Figure S1 ), (2) topographic map (Map No. 94 in Figure S1 ), (3) relief map (Map No. 98 in Figure S1 ), (4) city map (Map No. 78 in Figure S1 ) and (5) informative map (Map No. 14 in Figure S1 ).
Background Map-Shortcomings
The following shortcomings were observed. (1) The background map and thematic data on a crisis were often not visually harmonised. (2) The contrast between the background map and thematic content was not optimal; the background map was dominant. (3) Thematic data on a crisis were often insufficiently conspicuous or under emphasised, and the background map was not actually in the background. (4) The adjustability of the background map through digital mapping and geoinformation systems was not recognised.
Background Map-Recommendations for Improvement
(1) The background map must be clear and visually harmonised with thematic data on the crisis. The primary aim is to ensure quick, easy orientation and a clear understanding of the essential information on the crisis.
(2) Visual contrast is a fundamental principle in cartographic design to highlight foreground elements on maps. In this paper contrast is considered as the perceptual comparison of one portion of a visual image to another; the greater the difference, the stronger the contrast. On background maps containing a large amount of information, such as aerial photographs and topographic maps, contrast should be adjusted so that it is obvious that the thematic data presented are the primary content of the map. Figure S1 ), (2) topographic map (Map No. 94 in Figure S1 ), (3) relief map (Map No. 98 in Figure S1 ), (4) city map (Map No. 78 in Figure S1 ) and (5) informative map (Map No. 14 in Figure S1 ).
Background Map-Shortcomings
Background Map-Recommendations for Improvement
(2) Visual contrast is a fundamental principle in cartographic design to highlight foreground elements on maps. In this paper contrast is considered as the perceptual comparison of one portion of a visual image to another; the greater the difference, the stronger the contrast. On background maps containing a large amount of information, such as aerial photographs and topographic maps, contrast should be adjusted so that it is obvious that the thematic data presented are the primary content of the map.
Therefore, background map elements must be graphically subordinate to thematic data on the crisis. Saturated and bright colours, and distinct and dominant graphic elements are reserved for cartographic symbols that convey information on the crisis. We considered that the contrast between the background map and thematic content was sufficient if the relationship between the elements was clear, so that it was immediately obvious which was more important ( Figure 5) . A quantitative measure for colour contrast to be calculated between any map object and its background is discussed in Reference [34] . (3) When optimal contrast between the background map and thematic content is achieved, a prerequisite is that optimal layering is also achieved [22, 23, 25] . This means that the main content, that is, information on the crisis, should be emphasised by using appropriate means of cartographic representation.
Details on the background map should be relegated to the background, for example by using smaller, less contrasting symbols, paler colours, and smaller letters. When an existing topographic map representing the entire content is used as a background map, this can be done in one colour, preferably grey or brown ( Figure 5 ). The background map must not make it difficult to show the primary layer (information on the crisis). This can enhance clarity and prevent the monotony of viewing a map on which map graphics are not contrasted and layered.
If the layering criterion is satisfied, the user automatically separates the layers into the main and secondary ones. This is a basic characteristic of visual perception and is not a conscious operation [25] .
(4) Digital mapping and geoinformation systems, combined with widely available vector and raster databases, offer various means of adjusting the background map and thematic content (selecting different map layers, individual symbolisation of data, combining different types of background maps, and adjusting the degree of contrast of the background map or the transparency of the thematic information). If zooming is possible, the adjustable zoom option should be used to set different maps (raster or vector) as a background, taking into account the default map zoom setting.
The accuracy of the background map should also be considered, along with the fact that the content and graphic features of the background map depend on the scale and purpose of the crisis map and on available resources.
Basic Geometric and Graphic Elements and Visual Variables
Our analysis first addressed the extent to which individual geometric and graphic elements were used to represent objects, phenomena and actions specific to crisis management (see Table S1 under Supplementary Materials). A numerical overview of point, line, and area symbols is given in Figure 5 . When optimal contrast between the background map and thematic content about a crisis event is achieved, optimal layering will also be achieved. (1) Too little light-dark and colour contrast. (2) Sufficient contrast between the background map and thematic content about the crisis event. Grey on a background map forms a neutral ground for other colours.
(3) When optimal contrast between the background map and thematic content is achieved, a prerequisite is that optimal layering is also achieved [22, 23, 25] . This means that the main content, that is, information on the crisis, should be emphasised by using appropriate means of cartographic representation.
Our analysis first addressed the extent to which individual geometric and graphic elements were used to represent objects, phenomena and actions specific to crisis management (see Table S1 under Supplementary Materials). A numerical overview of point, line, and area symbols is given in Figure 6 . The graph shows that the percentage of cartographic point symbols was almost twice that of line or area symbols. 
Figure 6. Geometric and graphic elements analysed divided into three groups (points, lines, areas).
The percentage of elements used for each group is given above the column.
Area symbols are created by filling areas with repeated uniform or non-uniform graphic symbols. They show the qualities of discrete area objects, while quantities can also be depicted by using a grey or chromatic colour scale [33] .
The area symbols assessed usually represented areas affected by a crisis (for example, a flooded area, wildfire-burned area, or area affected by a hazardous gas leak), and danger zones (Figure 7 ). Figure S1 ), (2) a flooded area (Map No. 10 in Figure S1 ), and (3) an area affected by a hazardous gas leak (Map No. 31 in Figure S1 ).
The most frequently used methods to represent the properties of a certain area symbol were varying the colour hue (ten times), colour value (eight times), and filling the area with a texture (seven times), while colour saturation was recorded on five maps.
Line symbols are created by adding additional symbols to the line (for example, arrows) or by reshaping them as a series of small pictorial or geometric symbols (for example, a dotted line).
Line symbols were used to represent fire front progression or an oil spill at sea, and to mark evacuation routes or priority roads and routes used during a crisis (Figure 8 ). Area symbols are created by filling areas with repeated uniform or non-uniform graphic symbols. They show the qualities of discrete area objects, while quantities can also be depicted by using a grey or chromatic colour scale [33] .
The area symbols assessed usually represented areas affected by a crisis (for example, a flooded area, wildfire-burned area, or area affected by a hazardous gas leak), and danger zones (Figure 7) . 
Line symbols were used to represent fire front progression or an oil spill at sea, and to mark evacuation routes or priority roads and routes used during a crisis (Figure 8 ). Figure S1 ), (2) a flooded area (Map No. 10 in Figure S1 ), and (3) an area affected by a hazardous gas leak (Map No. 31 in Figure S1 ).
Line symbols were used to represent fire front progression or an oil spill at sea, and to mark evacuation routes or priority roads and routes used during a crisis (Figure 8) . Figure  S1 ), (2) oil pollution (Map No. 85 in Figure S1 ), and (3) evacuation routes during a crisis (Map No. 12 in Figure S1 ).
Colour hue variation was used six times to emphasise the classification of objects represented (for example, closed roads were marked in red and open ones in green).
Orientation variation was observed on ten maps, where lines were converted to arrows to indicate movement and recommended routes for population evacuation.
Size variation, that is, varying the thickness (width) of a line, was not used on any of the maps analysed, although it can be used to shape line symbols to represent the qualitative, ordered (hierarchical), and quantitative properties of objects (for example, to differentiate between main, regional and local roads recommended for use during a crisis).
Point symbols provide information on the position and quality of objects that cannot be credibly represented in ground-plan view.
The visual variable most frequently used was shape variation, whereby point objects can be given countless different shapes without changing their position. Generally, the largest number of point symbols used on maps are created in this way.
Graphic or pictorial symbols (pictograms) created by simplifying the essential external or symbolic characteristics of discrete objects, were used most to represent objects, phenomena, and actions specific to crisis management (on 46 maps-numbered 3, 5, 6, 7, 15, 18, 19, 20, 21, 22, 23, 25, 26, 28, 31, 32, 35, 37, 41, 42, 44, 45, 46, 47, 56, 57, 68, 72, 74, 78, 80, 81, 82, 83, 86, 87, 88, 89, 90, 91, 92, 93, 94, 97, 98 , and 99 in Figure S1 ). The use of geometric symbols derived from basic geometric figures was observed on one crisis map (map 46 in Figure S1 ), where data important to military operations were added to the topographic map with the aid of geometric symbols. Alphanumeric symbols were used on fourteen maps (numbered 14, 25, 27, 36, 44, 54, 55, 58, 66, 71, 79, 94, 97, and 99 in Figure S1 ), pinpoints were used on ten maps (numbered 2, 8, 15, 33, 34, 66, 73, 76, 80 , and 84 in Figure S1 ), while on five maps (numbered 4, 33, 48, 52, and 53 in Figure S1 ) a crisis event was marked by point symbols. Figure 9 singles out three maps which show different examples of point symbols used to represent objects, phenomena, and actions specific to crisis communication.
The greatest, most common shortcoming identified concerned the use of appropriate, clear cartographic symbols to represent objects, phenomena, and actions specific to crisis communication and response. The symbols used were incomprehensible, illegible, ambiguous, unclassified, and cluttered, and they lacked symbolism, hierarchical organisation, and other important characteristics. Figure S1 ), (2) oil pollution (Map No. 85 in Figure S1 ), and (3) evacuation routes during a crisis (Map No. 12 in Figure S1 ).
Graphic or pictorial symbols (pictograms) created by simplifying the essential external or symbolic characteristics of discrete objects, were used most to represent objects, phenomena, and actions specific to crisis management (on 46 maps-numbered 3, 5, 6, 7, 15, 18, 19, 20, 21, 22, 23, 25, 26, 28, 31, 32, Figure S1 ). The use of geometric symbols derived from basic geometric figures was observed on one crisis map (map 46 in Figure S1 ), where data important to military operations were added to the topographic map with the aid of geometric symbols. Alphanumeric symbols were used on fourteen maps (numbered 14, 25, 27, 36, 44, 54, 55, 58, 66, 71, 79, 94, 97, and 99 in Figure S1 ), pinpoints were used on ten maps (numbered 2, 8, 15, 33, 34, 66, 73, 76 , 80, and 84 in Figure S1 ), while on five maps (numbered 4, 33, 48, 52, and 53 in Figure S1 ) a crisis event was marked by point symbols. Figure 9 singles out three maps which show different examples of point symbols used to represent objects, phenomena, and actions specific to crisis communication.
The greatest, most common shortcoming identified concerned the use of appropriate, clear cartographic symbols to represent objects, phenomena, and actions specific to crisis communication and response. The symbols used were incomprehensible, illegible, ambiguous, unclassified, and cluttered, and they lacked symbolism, hierarchical organisation, and other important characteristics. Figure S1 ), (2) calls for emergency assistance after a hurricane (Map No. 84 in Figure S1 ), and (3) the number of refugees due to a humanitarian crisis (Map No. 3 in Figure S1 ).
Designing simple, clear, aesthetically pleasing cartographic symbols that can be understood by a wide circle of crisis map users is a complex, time-consuming task and is not the subject of this paper. However, since a consistent cartographic symbol system has been recognised as 'the missing ingredient for crisis mapping' [9] , we believe that standardised, widely accepted cartographic symbols could improve communications and understanding key information during crises.
The shortcomings observed and problems resulting from applying inappropriate visual variables, with recommendations for the use of variables to ensure the optimal representation of the properties of objects, are given below.
Basic Geometric and Graphic Elements and Visual Variables-Shortcomings
We found that the use of visual variables on the crisis maps was underestimated, so in many cases, optimal representation of the objects shown was not achieved. The visual variables used (1) did not achieve the associative and selective properties of cartographic symbols; (2) did not emphasise their ordered properties; (3) did not emphasise certain quantitative properties; (4) failed to group the objects represented into classes, and (5) failed to represent movement.
Basic Geometric and Graphic Elements and Visual Variables-Recommendations for Improvement
(1) Shape variation was usually used to differentiate between individual symbols. However, a family of selective symbols cannot be derived using this variable, because the symbols for all objects in the same family must have the same basic shape. On crisis maps, it is important to distinguish, for example, infrastructure symbols from intervention symbols, which is why a selective visual variable should be applied.
A visual variable is selective if the cartographic symbols derived (which belong to one family) can be considered mutually different [22, 24] . On crisis maps, this can be achieved if the symbols are created by varying size (for example, circles with different diameters), colour value (for example, differently shaded circles with the same diameter), texture, orientation, and colour hue (for example, differently coloured squares of the same size).
On the other hand, a visual variable is associative if all the cartographic symbols derived can be considered equal or equivalent [22, 24] . To achieve associativity among objects shown on a crisis map, symbols of the same size should be used (for example, circles with the same diameter), differing in texture size, colour hue, and orientation. Symbols differing in shape, which have the same optical weight and give the impression of the same size, can also be used.
(2) A visual variable is considered ordered if by using it the symbols for individual families can be ordered unambiguously. For example, if identical symbols of different size, colour value or texture are to be arranged in order, it must be done from the smallest to the largest, from the brightest to the darkest, from the finest texture to the coarsest, or the other way round. On some maps, it was observed that symbols of different colour (all colours of the same brightness), Figure S1 ), (2) calls for emergency assistance after a hurricane (Map No. 84 in Figure S1 ), and (3) the number of refugees due to a humanitarian crisis (Map No. 3 in Figure S1 ).
Basic Geometric and Graphic Elements and Visual Variables-Shortcomings
Basic Geometric and Graphic Elements and Visual Variables-Recommendations for Improvement
(2) A visual variable is considered ordered if by using it the symbols for individual families can be ordered unambiguously. For example, if identical symbols of different size, colour value or texture are to be arranged in order, it must be done from the smallest to the largest, from the brightest to the darkest, from the finest texture to the coarsest, or the other way round. On some maps, it was observed that symbols of different colour (all colours of the same brightness), orientation or shape were frequently used, so they could not be ordered unambiguously, because each time the user would give preference to another symbol (maps numbered 2, 4, 8, 15, 26, 33, 34, 37, 46, 47, 56, 57, 68, 71, 73, 76, 80, 82, 84, 90, 96 , and 97 in Figure S1 ).
(3) The use of size variation was observed on four maps, where the same cartographic symbols on the same map appeared in different sizes. However, in one case, this seemed to be due to negligence or error. If quantitative relationships are presented on a crisis map, a quantitative visual variable must be used. A visual variable is considered quantitative if the symbols derived from its use can be considered mutually proportional [22, 24] . This only happens with symbols of different sizes, so by varying the size of a symbol, quantitative relationships can be represented on a crisis map (for example, the number of casualties or the extent of damage).
(4) Crisis communication often requires the use of a large number of cartographic symbols to represent individual objects, phenomena, and actions specific to crisis management. It would be easier for users to remember the meanings of cartographic symbols on crisis maps if the total number was reduced. However, this is often impossible or impractical. So symbols should be divided into classes based on common characteristics (incidents, interventions, or infrastructure), and each class associated with one basic shape (a triangle, a rectangle, etc.). The basic shapes could also be filled with appropriate colours.
(5) On crisis maps, some phenomena need to be represented on the go, (for example, the arrival of a hurricane, the spread of an epidemic, the progression of a fire front, the movements of the emergency services, the opening up of evacuation routes, etc.). Arrows should be used as a universal means of representing movement. Quantity can be expressed by varying the width of the arrow, intensity by varying the length of the arrow, and the type or quality of the phenomenon by varying the colour saturation or shape of the arrow.
Colour
All the crisis maps were in colour. Colour has a special place in map-making and can be dominant, since it forms part of the content or is associated with all the map elements assessed: point (see Figure 9 ), line (see Figure 8) , area (see Figure 7) , and the background map (see Figure 4 ).
Colour-Shortcomings
The following shortcomings were observed. (1) Colour use was not always adjusted to conventional visual language; (2) colour value and saturation were rarely applied, although they are useful in representing quantity differences, and (3) the choice of colour on certain maps did not allow data to be differentiated according to classification.
Colour-Recommendations for Improvement
(1) Certain objects and phenomena are often associated with a certain colour. For example, we associate blue with water or cold, red with heat or prohibition, and green with plant cover or permission. The psychological responses evoked by colours are often referred to as colour symbolism and should be considered when colours are used on crisis management maps [25] .
(2) Quantitative differences between objects of the same kind should be represented by changing colour saturation. Small values are associated with less saturated colours (by adding white), and large values with saturated colours (by adding black).
Using the colours of the spectrum, a scale of colours of the same brightness can be obtained. The resulting colour scale will be selective and associative, but it will not be ordered because not all colours are perceived as equally bright or intense [28] .
(3) A scale of colours of the same brightness should be used for additional selective emphasis of equivalent area objects. For example, on a city map showing the boundaries of danger zones in the event of a crisis, the danger threatening residents can be represented unambiguously. However, danger zones can be differentiated further using a scale of colours of the same brightness. The information, thus obtained, is actually redundant, but on a crisis map, it can help effectively communicate risks and dangers.
Attractive colour scales which support the map's message and match the nature of the data should also be used.
Discussion
In crisis situations, most maps are not designed by cartographers but by crisis managers, who do not attach the necessary importance to map graphics. Our qualitative assessment of the content analysis of 106 maps intended for crisis communication and response identified the most frequent shortcomings that compromise the interpretation of objects, phenomena, and actions represented, and consequently, cartographic communication in crisis situations.
The background map and thematic data on the crisis were often not visually harmonised-the background map was predominant, while the crisis data were not emphasised enough.
•
Visual information was often too high. Maps were cluttered and visually overloaded, which could reduce their clarity and make orientation and understanding essential crisis information difficult.
The use of visual variables (size, shape, orientation, colour hue, colour value, texture, colour saturation, and transparency) was often inappropriate, so many maps did not achieve optimal representation of the properties of objects shown. The associative and selective properties of cartographic symbols were not achieved, and their ordered and quantitative features were not emphasised.
The use of colour was often not adjusted to conventional visual language, and the colour scales used did not support the message shown on the map. Colour value and saturation were seldom used, although they are good for representing quantity differences. The psychological elements evoked by colours, or colour symbolism, were sometimes not taken into account.
The greatest and most common shortcoming concerned the use of appropriate, clear map symbols to represent objects, phenomena, and actions specific to crisis communication and response. The symbols used were incomprehensible, illegible, ambiguous, unclassified, and random, and they lacked symbolism, hierarchical organisation, and other characteristics which are important when designing a cartographic symbol system.
We then provided guidelines which do not depend on the medium of publication, to ensure cartographically correct maps on which objects, phenomena or actions specific to crisis management are emphasised using appropriate map graphics and represented with special importance.
The background map must be visually harmonised with thematic data on the crisis and must not make the representation of crisis information difficult. Objects displayed on the background map must be graphically subordinate to the thematic data. The contrast should be adjusted on background maps with a large amount of information, such as aerial photographs or topographic maps so that it is clear that the thematic data form the primary content. If an existing topographic map showing the entire content is used as a background map, a single colour should be used, preferably grey or brown.
The cartographic symbol system for crisis communication should include point, line, and area symbols, and appropriate visual variables used when designing them. Varying the shape and colour of point symbols achieves optimal communication of their associative, selective, and ordered properties.
It is particularly important to use colours and geometric and graphic shapes consistently, for example, according to the principle of similarity with the actual situation in nature, or by adopting symbolism. Objects in the same taxonomic groups should be represented by the same basic shape and colour.
• Cartographic symbols should be emphasised and dominate the background map through the use of bright, saturated colours, paying attention to the contrast of pictograms against the background (fill) of the symbol. With area symbols, different colour intensity should be used to emphasise the ordered characteristics of the objects.
Cartographic symbols should be large enough to be recognisable and easily noticed. Differences in geometric and graphic shapes applied to individual symbols should always be clearly visible for the sake of legibility. Whenever possible, familiar, generally accepted cartographic symbols should be retained, since they are easier to read than newly-invented ones.
In Figure 10 , we used examples from the crisis maps analysed to support our assertions. The selected examples appeared in the top ten cartographically most successful maps when the results presented in Table S1 were sorted hierarchically from the best to the worst (or from the highest number of the satisfied criteria to the lowest). background (fill) of the symbol. With area symbols, different colour intensity should be used to emphasise the ordered characteristics of the objects.
• Cartographic symbols should be large enough to be recognisable and easily noticed. Differences in geometric and graphic shapes applied to individual symbols should always be clearly visible for the sake of legibility. Whenever possible, familiar, generally accepted cartographic symbols should be retained, since they are easier to read than newly-invented ones.
In Figure 10 , we used examples from the crisis maps analysed to support our assertions. The selected examples appeared in the top ten cartographically most successful maps when the results presented in Table S1 were sorted hierarchically from the best to the worst (or from the highest number of the satisfied criteria to the lowest). Figure S1 ), (2) (Map No. 1 in Figure S1 ), (3) (Map No. 102 in Figure S1 ), (4) (Map No. 103 in Figure S1 ), and (5) (Map No. 38 in Figure S1 ). Correctly used map graphics contribute not only to clarity, legibility and layout, but also facilitate crisis communication and response.
Details on the background map (maps 1, 4, and 5 in Figure 10 ) were relegated to the background using paler colours, while the thematic data were emphasised and prominent. The layering criterion was satisfied, so the user can automatically distinguish the main layer from the secondary layer (background). Colour symbolism was used to represent snow on the avalanche map (map 4 in Figure 10 ), since we associate blue with cold. Differences in quantitative relationships between objects of the same kind (the amount of snow) were represented by changing the saturation of the blue (low values of snow mass pressure were associated with a less saturated colour by adding white, while high values were associated with a more saturated colour by adding black). By varying the size of the red point symbols, the ordered value of the standard deviation of the snow mass pressure was also represented. For the selective representation of equivalent area objects, that is, hurricane risk zones (map 5 in Figure 10 ), a scale of colours of the same brightness was used, and Figure S1 ), (2) (Map No. 1 in Figure S1 ), (3) (Map No. 102 in Figure S1 ), (4) (Map No. 103 in Figure S1 ), and (5) (Map No. 38 in Figure S1 ). Correctly used map graphics contribute not only to clarity, legibility and layout, but also facilitate crisis communication and response.
Details on the background map (maps 1, 4, and 5 in Figure 10 ) were relegated to the background using paler colours, while the thematic data were emphasised and prominent. The layering criterion was satisfied, so the user can automatically distinguish the main layer from the secondary layer (background). Colour symbolism was used to represent snow on the avalanche map (map 4 in Figure 10 ), since we associate blue with cold. Differences in quantitative relationships between objects of the same kind (the amount of snow) were represented by changing the saturation of the blue (low values of snow mass pressure were associated with a less saturated colour by adding white, while high values were associated with a more saturated colour by adding black). By varying the size of the red point symbols, the ordered value of the standard deviation of the snow mass pressure was also represented. For the selective representation of equivalent area objects, that is, hurricane risk zones (map 5 in Figure 10 ), a scale of colours of the same brightness was used, and the colour use was adjusted to conventional visual language-green marked the safest and red the most endangered areas. According to conventional visual language, red is usually associated with prohibition and green with permission. This criterion was met in designing the line symbols to mark recommended routes (map 2 in Figure 10 ), while movement was represented by varying orientation, in this case by reshaping the line as an arrow. In the examples above (maps 1, 2, and 3 in Figure 10 ), the cartographic point symbols used were associative (considered equivalent in presenting crisis information) because they had the same optical weight and gave the impression of the same size. In Figure 10 (map 1), selectivity was achieved by varying colour, while associativity (maps 2 and 3) was achieved by varying the shape and colour of the symbol fill so that the symbols could be clearly differentiated as belonging to certain taxonomical groups.
We are aware that cartographic communication through crisis maps takes place in a unique environment characterised by the immediate risk of considerable loss and stress, and that many such maps are designed by people with limited resources and little time. Most of the recommended guidelines do not require much time, expertise or effort, yet they may have a considerable impact on the final appearance of the map. The guidelines that require greater effort concern the application of appropriate pictorial map symbols to represent objects, phenomena, and actions specific to crisis communication and response.
Apart from the coordination of these elements, maps also have to be adjusted to the needs of the target group. Since many crisis maps today are created by the automatic layering of data from different sources over a background map, digital interactive environments can offer solutions to customize different map elements to different user needs. Furthermore, the effectiveness of the proposed design guidelines needs to be tested. Due to a heterogeneous user group in the crisis management community, this will require collaboration between the internal (emergency) services and/or external participants in a crisis event (civilians and casualties) to study how crisis maps are perceived by different age groups and education levels. Finally, the guidelines are intended to help produce symbols which are easy to understand and remember, leading ultimately to much-needed standardisation in designing the elements of crisis maps.
Even when crisis maps are designed correctly in cartographic terms, it cannot be guaranteed that participants in a crisis event will behave in accordance with the messages communicated on the maps. However, features such as an easy-to-view background map with an appropriate level of detail and spatial resolution, well-defined cartographic symbols with the harmonious use of colours, good legibility, optimal visual density and visual organisation, all facilitate easy interpretation of information and good crisis communications and response.
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